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A study for development of a GPU based software GPS receiver 
for time transfer 
 
Tadahiro Gotoh 
 
Abstract 
 
Global Navigation Satellite System (GNSS) based time transfer is a one of the important techniques 
for the determination of International Atomic Time (TAI). In particular, the Global Positioning 
System (GPS) is the most used time transfer technique for international time comparison networks. 
In this study, a precise time transfer GPS receiver using software defined radio (SDR) has been 
developed. 
 
TAI is derived by averaging atomic clocks which are kept at various National Metrology Institutes 
(NMIs) around the globe. In order to measure the time differences between each clock, NMIs use 
time transfer techniques, either based on GNSS or by making use of commercial communication 
satellites. In the case of GNSS time transfer, the usage of carrier phase measurements improves time 
transfer precision by about 2 orders as compared to pseudo-range measurements. In addition, dual 
frequency measurements can cancel ionosphere propagation errors. Receivers which are used for 
time transfer purposes should allow usage of external time and frequency reference signals, ensuring 
that the received GNSS signals are then sampled w.r.t. these reference signals, which are usually 
derived from the atomic clocks. However, off-the-shelf geodetic receivers which provide dual 
frequency measurements do not support the input of external reference signals, which prevents them 
from being used for time transfer purposes. A few dedicated dual frequency GNSS receivers are 
commercially available for time transfer purposes. However, such receivers are far more expensive 
than commercially available geodetic GNSS receivers. In order to improve the accuracy of TAI, it 
would be good to have dual frequency GNSS receivers at most NMIs. However, at the moment only 
half of all NMIs which participate in an international time link have such an expensive dual 
frequency receiver deployed at their laboratory. 
 
Software GNSS receivers, which are basically software defined radios (SDRs) applied to GNSS 
signals, have been studied very actively in recent years. Such a receiver uses an inexpensive versatile 
analog-to-digital converter (ADC) in order to sample the GNSS signals, and most digital signal 
processing parts can be implemented by means of software on a personal computer. One advantage 
of a SDR based receiver is that all computations can be performed by floating point precision, in 
comparison to a hardware logic which uses either an integer or fixed-point precision representation 
for the data processing. In addition, one can easily test the implemented logic without the need for a 
dedicated simulator. Moreover, data from the A/D sampler can also be stored on hard disks and 
played back on demand. 
 
Within the scope of this thesis a SDR based dual frequency GPS receiver for time transfer has been 
developed. This receiver makes use of a versatile ADC, which can be synchronized to an atomic 
clock, and software correlation is performed on a personal computer. As for the latter processing 
option the data throughput of software-based digital signal processing could be a limitation graphics 
processing units (GPUs), which have been originally designed for computer games, are utilized. In 
doing so, a processing speed that is equivalent to hardware logics can be achieved. As the 
implementation of a time domain (XF) correlation scheme is difficult to be expressed in an 
optimized way on the GPU, a frequency domain (FX) correlation approach is being used. In general, 
the processing speed of a XF architecture might be faster than an FX implementation for a small 
number of correlation lags since an FX-based processing requires heavy FFT computations. 
However, because FFT algorithms can be ported very efficiently to a parallel architecture, the usage 
of the FX algorithm, which has some advantages for software correlation, becomes feasible when 
implementing the signal processing on a massive parallel device like a GPU. 
 
In order to evaluate the performance of the developed software receiver, a zero-baseline experiment 
has been carried out and measurements were compared with those from a commercial hardware 
receiver. The pseudo-ranges measured by the software and hardware receiver were consisted within 
5 ns, and statistics reveal that the differences follow the distribution of white phase noise. On the 
other hand, small variations on the order of a few tens of picoseconds were found in the carrier phase 
residuals. Such inter-system differences are likely introduced from the temperature instability of the 
RF front-end oscillator. Thus, one needs to study the temperature dependency of the oscillators and 
eventually temperature-control the RF front-end box. 
 
The software receiver was also used to carry out a remote clock comparison of hydrogen masers at 
two remote locations, and a short term time transfer precision of 10-13 could be accomplished. 
However, the long-term precision was degraded because the number of satellites transmitting the 
civil L2 signal, which is necessary for a dual-frequency software receiver, was low. Double 
differences between GPS carrier phase and two-way satellite time and frequency transfer (TWSTFT) 
were consisted within an RMS of 2 ns. Also in this comparison it could be shown that due to the low 
number of L2C satellites, jumps are introduced in the time link. 
 
New GNSS satellite systems such as GALILEO or BEIDOU will become operational in the near 
future, and satellites from these new systems are expected to transmit new civil precise ranging 
signal. Other than hardware GNSS receivers, SDR based receivers have capability to support such 
new signals very flexibly. Thus, it is planned to update the software in order to support multi-GNSS 
which would achieve better time transfer precision and, in general, would improve the accuracy of 
TAI time links. 
 
 
 
GPUを用いた時刻比較用 
ソフトウェア GPS受信機の開発に関する研究 
 
後藤 忠広 
 
概要 
 
全地球測位衛星システム（Global Navigation Satellite System; GNSS）の信号を仲介とした
時刻比較は，国際原子時（International Atomic Time; TAI）決定のための方式の一つである．
本研究では，高精度な時刻比較に対応したソフトウェア無線技術による GPS 受信機の開発
を行った． 
TAIは，世界各国の標準機関（National Metrology Institute; NMI）が保持する原子時計の歩
度を元に決められる．このため，NMI では GNSS や商用通信衛星などを使用して互いの原
子時計間の時刻差を計測している．GNSS時刻比較では，搬送波位相を観測量として使用す
ることで，擬似距離のみを使用した場合と比べ二桁程度時刻比較精度を改善できる．また，
GPSでは L1帯と L2帯の二周波を受信することで電離層の影響を相殺した時刻比較が行え
る．時刻比較を行うためには，GPS受信機に原子時計から供給される 10 MHzと 1 PPS信号
を入力し，受信した GPS信号を外部から入力された 10 MHzと 1 PPSに同期して記録する
必要がある．しかし，通常の二周波観測が可能な測地用 GPS受信機には 10 MHzや 1 PPS
の入力端子は無く時刻比較目的には使用できない．一部，時刻比較に対応した受信機も市
販されているが，種類は限られており，価格も測地用に比べると高価である．TAI高精度化
のためには，多くの NMIが二周波受信機による観測を行うことが望ましいが，現状では高
価な受信機を保持している NMIは全体の半数程度である． 
一方，汎用のアナログ・デジタル変換器（Analog-to-Digital Converter; ADC）はサンプリ
ングクロックの切替えに対応した機種が多く，外部基準信号に同期してサンプリングを行
えるため，これら ADCに原子時計からの信号を供給し GNSS信号を記録すれば，高価な市
販受信機を使用せずとも高精度な時刻比較が行える．近年では，専用の ADCと論理回路に
より構築されていたデジタル信号処理を，汎用の ADCとパソコン上のソフトウェアで行う
ソフトウェア無線（Software-Defined Radio; SDR）技術の研究が進んでおり，GNSSの信号
処理をパソコン上で行うソフトウェア GNSS 受信機の開発も数多く行われている．デジタ
ル信号処理部をソフトウァで実装することで，アルゴリズムの実装やデバッグが論理回路
に比べて簡単に行える．装置専用のシミュレーターがなくても，アルゴリズム単体から装
置全体にわたる評価まで容易に行えるなど利点が多い．GPS 衛星が送信する測位信号は，
複数の衛星が同一の搬送波に異なる擬似雑音（Pseudo Random Noise; PRN）符号を拡散した
符号多重化方式が採用されている．これまではコード周期が短い民生用信号は搬送波周波
数が 1.5 GHz帯の L1にしか送信されておらず，1.2 GHz帯の L2では暗号化された軍用コー
ドのみ送信されていた．軍用コードの復調をソフトウェア上で実装することは難しく，二
周波観測が可能なソフトウェア受信機は極めて稀であった．しかし，2005 年以降に打ち上
げられた衛星では L2にも民生用信号が送信されていることから，ソフトウェア受信機でも
容易に二周波観測が可能となった． 
本論文では、高精度な時刻比較用受信機を安価に構築するため，外部同期可能な汎用 ADC
とパソコン上のソフトウェア相関器による二周波時刻比較用ソフトウェア GPS 受信機を開
発し，その性能を評価した結果についてまとめる．デジタル信号処理をパソコン上のソフ
トウェアで行う場合，ハードウェアで実装した場合と比べどうしても処理速度が劣る．本
研究では，ゲーム用に開発された画像処理ボード（Graphics Processing Unit; GPU）を使用す
ることで，ハードウェアと同等の処理速度をソフトウェア相関器で実現した．FPGAなどに
よる論理回路では，シフトレジスターと加算器の組み合わせで時間領域の相関器を容易に
構築できるが，GPU のような並列計算機では積和演算は最適化が難しい．そこで，周波数
領域の相関アルゴリズムを採用することで並列計算機での最適化を行った．通常は周波数
領域に変換する際，大量のサンプリングデータに対して FFT を行う必要から時間領域の方
が有利であることが多いが，FFT のアルゴリズムは並列計算機に最適化されており，GPU
では周波数領域で行った方が高速に処理できる． 
開発したソフトウェア受信機を使用して，共通アンテナ，共通基準信号による市販 GNSS
受信機との比較と，遠隔地におかれた原子時計間の時刻比較実験を行った．市販 GNSS 受
信機との比較では，擬似距離は低仰角における C/N0が悪い状態を含めても 5 ns以内で一致
しており，ヒストグラムからも白色雑音で分布していることが確認できた．一方，搬送波
位相にはRFフロントエンドで周波数変換に使用した発振器の温度特性とみられる変動成分
が検出された．今後，周波数変換用発振器の温度特性を調査するとともに，装置の恒温化
などの対策が必要である． 
原子時計間の比較では，水素メーザーを使用した時刻比較精度の評価と，衛星双方向時
刻比較方式との同時観測による時刻比較結果の正しさを評価した．比較精度の評価では，
短期は水素メーザーの比較が可能な 10-13台の結果を得た．しかし，現状では L2民生用信号
を送信する衛星が時間帯によっては減少してしまうため，このような時間帯では時刻飛び
が生じ長期安定度が劣化した．そのため，平均化時間に対して理想的な 1/τの改善は得ら
れていないが，今後 L2民生用信号に対応した衛星が増加することで，1日平均で 10-15台に
達すると考えられる．衛星双方向方式との比較では標準偏差で 2 ns以内の一致度を得たが，
やはり衛星数が減少する時間帯では時刻飛びの影響が見られた．一方，時刻飛びがない区
間では 1 ns以内の一致度と，これまで行われた既存実験と同等の精度が得られており，正
しい時刻比較が行えていることを確認した． 
ここ数年，欧州や中国では独自 GNSS の運用が開始されようとしているほか，日本やイ
ンドでは地域的な測位衛星を打ち上げるなど，マルチ GNSS の時代が到来したと言われて
いる．また，新しい衛星ではより高精度な測位信号の送信も始まっている．ソフトウェア
受信機ではこれら新しい信号に柔軟に対応可能であることから，今後はマルチ GNSS に対
応した受信機の改良を図り，より高精度な時刻比較が行えるよう引き続き開発を進めてい
きたい． 
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????????? 1???-1??????????????? 180?????BPSK?Binary
Phase Shift Keying??????????????????????????????? 3.2?
???
3.3. ???? 17
PRN
Carrier
Spred
Spectrum
Binary Shift Keying
? 3.2: ???????????????
????????????????? b(t)?????? c(t)?????????? s(t)???3.1?
????
s(t) = b(t) c(t) (3.1)
c(t)? 1???-1??????????????? b(t)????????3.2??????s(t)?
c(t)????????????????????
s(t) c(t) = [b(t) c(t)] c(t)
= b(t) c2(t)
= b(t) (3.2)
???????????????????Cyclic Code?????????Pseudo Random Noise;
PRN???????????PRN?????????????????? \?????"???
????
????balance property? ???? 1????? 1?????????? -1???????
??????? 1???????
?????run property? 1????????1???????-1?????????????
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????????? 37 bit??????????? 2:3547 1014bit??????????? 37
?????????????????????P??????? 1???????? 0 h GPST
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sr(t) = kxs(t  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????xs???????????xr ????????????dts????????????
??dtr ??????????????? sr ????????????????c???????
??????????????????????????????????????????
?? xr = (xr; yr; zr)????????????? dtr ? 4????????????????
20 ? 3? GPS????
xs
x
r
? 3.4: ??????????????????????
? 4????????????????????3.3????????????????????
???????????????????????GPS??????????????????
???????????????????????????????????
3.5 GPS???????
???
GPS?????????????????1980???????? NBS?National Bureau of
Standards????NIST; National Institute of Standards and Technology??Allan?????
??? [25]?
??????2.3?????????????????????????GPS????Common
View??????????GPS????????????NBS???????????????
????????????????????????????????????????? 1??
????????????????????????????????????????????
??????????????????????????????????GPS Time?????
????????????????????????????????Common GPS/GLONASS
Time Transfer Standard; CGGTTS????????? [26, 27]?CGGTTS???????GPS
?????????????????????? 2????????????????????
30???????????????????????
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????????????
1990??????????????? GPS??????????????????????
?????????????????????????????????????NMI????
????????????????GPS ?????????????????????????
????GPS???????????????????? [28]?
??????????????????????????????????????????
???????????????????????????????????????????
? 2?????????????????????????????????????????
???????????????????????????????????????????
???? 1=
p
N ????????????????????? 3.6?????????????
?????????????????????????????????????
??????????????????????????????????? 2.5??????
????????????????????????? 5????????????? [29]?
???
???????????? 2?????????????????????????????
???? 2??????????????????????????????????????
???????????????????????????????
1. ?????????????????
2. ?????????????????????????????????????
3. ????????????????????????????????????
???????????????????????????????????????????
???????????
???????GPS Time??????????????????????????????
???????????????????????????????????????????
?????????? 2 m??????GPS Time???????????? 2.5 ns??????
????????????????????GPS?????????????????????
?????????????GNSS???International GNSS Service; IGS?[30]???????
???GNSS????????????GPS???????????????????????
???????????IGS?????GPS?????????? 2.5 cm?????????
???? 0.7 ns???????????????????????????????????
IGS?????????????????2.8???????????????3.4??????
?????????????????????????????????????? 1????
???????????????[31]?
ab =
P
(Ta   T k)
n
 
P
(Tb   T l)
m
(3.4)
???????????????????????????????????????????
???????????????????????????????????????????
???????????? 2????????????? [32]?
22 ? 3? GPS????
????????
GNSS????????????????????????????????????????
???cm???????????????????????????????????????
???? 3.7??????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????? cm??????
???????????????????????????????????????????
?????????????????????????????????????????
?????IGS???????????????????????????????????
????Precise Point Positioning; PPP?[33] ????????????PPP????????
????????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
PPP?????????IGS?????? PPP??????????PPP?????????
????????????????????????????????????????????
?????? [34, 35]???????????????Natural Resources Canada; NRCan???
?????????????? PPP???????????????????????????
????????????????????????????????????????????
????????????????NMI????????????????????? [36, 37]?
??????????????????????????????????CGGTTS?????
??? 16??? 1 ns???????????????????? 2???????? 100 ps?
?????
3.6 ?????
GPS?????????????GPS?????????????????????????
????????????????????????????????????????????
???????????????????????????????????????????
???Pseudorange??????????????? PRN?????????????????
????Code Phase???????????
?? k????????? i??? t????????? P ki ???3.5??????? [38]?
P ki (t) = krk(t  ki )  ri(t)k+ Iki + T ki
+c[dti(t)  dtk(t  ki )] + c[di(t) + dk(t  ki )] + eki (3.5)
????rk???????????ri????????????????Iki ??????????
T ki ??????????dti?dt
k??????????????????di?dk???????
???????eki ????????????
k
i ??????????????c????????
???????m ????
????????? ki ???3.6????????
ki (t) = krk(t  ki )  ri(t)k   Iki + T ki + c[dti(t)  dtk(t  ki )]
+c[i(t) + 
k(t  ki )] + [i(t0)  k(t0)] + Nki + "ki (3.6)
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????i?k???????????????????????????i?k??????
???????Nki ?????????????"
k
i ?????????????????????
?????????3.5????3.6???????????????????????????
???
GPS???????3.5????3.6???????????????????????????
???????outlier?????????????????????????????????
????????????????????????????Linear Combination??????
????
?????
?????? i?j??????? k??????????????????Single Dierence?
????????????????????????????????????????????
???????????????????????????????????3.7???????
kj (tj)  ki (ti) = krk(tj   kj )  rj(tj)k   krk(ti   ki )  ri(ti)k
 Ikj + Iki + T kj   T ki
+c[dtj(tj)  dtk(tj   kj )]  c[dti(ti)  dtk(ti   ki )]
+c[j(tj) + 
k(tj   kj )]  c[i(ti) + k(ti   ki )]
+[j(t0)  k(t0)]  [i(t0)  k(t0)]
+Nkj + N
k
i + "
k
j   "ki (3.7)
??3.7??????????? k(t0) ?????????????????????? kj ? 
k
i
???????????????? k(tj   kj )  k(ti   ki )???? dtk(tj   kj )  dtk(ti   ki )
?????????????? ()j ()i = ()ij ??????3.7?????????3.8?????
kij  krk   rjk   krk   rik   Ikij + T kij + cdtij + cij + ij(t0) + Nkij + "kij (3.8)
????????????????????????? ti? tj ????????????3.8??
rk????????????????????????????3.8?????????????
??????????????????????????????????????? ti?tj ?
??????????????
?????????????????3.9???????
P kij  krk   rjk   krk   rik+ Ikij + T kij + cdtij + cdij + ekij (3.9)
??????????
???????????????????????????????????????????
??????????????????????? 2????????????L1??L2???
??????????????3.10????3.13??????????
P ki;1 = 
k
i + s
k
i +
1
f21
Iki +D
k
i;1 + e
k
i;1 (3.10)
24 ? 3? GPS????
P ki;2 = 
k
i + s
k
i +
1
f22
Iki +D
k
i;2 + e
k
i;2 (3.11)
ki;1 = 
k
i + s
k
i  
1
f21
Iki +
k
i;1 + M
k
i;1 + "
k
i;1 (3.12)
ki;2 = 
k
i + s
k
i  
1
f22
Iki +
k
i;2 + M
k
i;2 + "
k
i;2 (3.13)
????
ki = krk   rik
ski = c(dti   dtk) + T ki
Dki = c(di   dk)
ki = c(i   k)
Mki = i(t0)  k(t0) +Nki
?????????????Dki?
k
i ??????????????????????????
??????????????????3.10????3.11???????3.14?????????
???????????????????????????
P3 =
f21
f21   f22
P1   f
2
2
f21   f22
P2 (3.14)
=
f21
f21   f22
(+ s) +
f21
f21   f22
1
f21
I   f
2
2
f21   f22
(+ s)  f
2
2
f21   f22
1
f22
I
= + s
????????????3.15?????
3 =
f21
f21   f22
1   f
2
2
f21   f22
2 (3.15)
= + s+
1
f21   f22
(f211M1   f222M2)
??3.14????3.15?????????????Ionosphere-Free Linear Combination????
????????????? P3??????? L3????????????????????
????P3?L3????????????????
Geometry-Free
Geometry-Free???3.12????3.13???????????????3.16????????
???????
L4 = 1   2 (3.16)
???L1??L2??????????????????M?????????????????
?????????????????????????????????????P4 = P1   P2?
???????
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Melbourne-Wubbena
??3.10????3.13????????3.17???????????????????????
?????????????????????????????? [39]?
L6 =
1
f1   f2 (f11   f22) 
1
f1 + f2
(f1P1 + f2P2) (3.17)
=
f1   f2
f1   f2 (+ s) 
f1 + f2
f1 + f2
(+ s)
  1
f1f2

f1 + f2
f1 + f2
  f1   f2
f1   f2

I +
1
f1   f2 (f11M1   f22M2)
=
c
f1   f2 (M1  M2) (3.18)
??3.17????????Melbourne-Wubbena??????????L6????L6?????
???????????????????????????????????????????
?????????????????L5 = c=(f1   f2)???? 86 cm???????????
???????????RMS  1 m???????????????????????????
3.7 ?????????
?????GPS???????????????????????????????????
????????????????????????NICT????? \concerto v4"?c4?[40]?
?????c4?????? SLR??????????????????? version 4???GPS
??????? [41]??????????????? c4????????????
??????????
??????????????????????????????????????????
?????????? [24]??????????????????? 2?? 0????????
??????? 1?????????????????????????????????3.6?
??N ????N ???????????????????????????????????
????????????????????????????????????????????
??????????????Cycle Slip?????????????????????????
???????????????????????????????????????????
???????????????????????
c4?????????????? Blewitt??????? [42]????????????GPS
????? \Bernese"[39]????????????????
1. Melbourne-Wubbena????????????????????????? outlier???
????
2. ????Geometry-Free??????????????????????????????
???????
26 ? 3? GPS????
3. ???????????????????? Melbourne-Wubbena???????????
????????????????
?????????????????????? outlier??????????????????
???????????????????????????????????????????
???????????????Geometry-Free?????????????????????
???????????
????
GPS????????3.5??????3.6???????????????????????
???????????????????????????????????????????
?????????????????????
c4????????? IGS????????????? [43]???????????????
???????????????????????????????????????????
????? 15???????????x, y, z??????????? \IGS08"???????
??IGS08???????????International Terrestrial Reference Frame; ITRF?????
????????????????????????Earth Centered, Earth Fixed; ECEF???
??????????????????? \WGS-84" ????? ECEF???????
????????????????GPS????????????????????????
????????????????????? ECEF???????????????????
???????????????????????????????????????????
??????????????????Earth Centerd Inertial; ECI?????????????
ECEF?? ECI???????3.19????????????? [44]?
xECI(t) = R(t)xECEF (t) (3.19)
????R = QSW ????????????Precession-Nutation????????????
?Earth Rotation Angle??????Polar Motion??????? 3 3?????????c4?
????????????? IERS Conventions (2003)[45]????????
????????
???????????????????????????????????????3.20??
???????????????????????
 =
Z
s
(n  1)ds (3.20)
????s????????????????n???????????
?????????? [46]??????3.21?????????????????
n = 1 +
c2
f2
+
c3
f3
+
c4
f4
+    (3.21)
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?????? c2?c3?c4??????????????? ne???????GPS???????
??????????????????????????????3.22?????????3.23?
???????
n = 1 +
c2
f2
(3.22)
ng = n + f
dn
df
= 1  c2
f2
(3.23)
??3.20?????3.22????3.23??????c2???? c2 =  40:3ne?????????
?????????3.24????????3.25????????
 =  40:3
f2
Z
s
neds (3.24)
g = +
40:3
f2
Z
s
neds (3.25)
????????????????????????????????? 3.6?????????
????????????????????????????????????3.24????3.25?
?????????????
IGS?????3.26?????????????????Total Electron Content; TEC???
???????Global Ionosphere Map; GIM?[47]??????????
E =
Z
s
neds (3.26)
???????????????????????? GIM????????????????
????????????????????????????????????????? [48]?
GIM????????????????????? B?????
????????
?????????3.27??????? [49]?
106[n  1] = k1

Pd
T

Z 1d + k2

Pv
T

Z 1v + k3

Pv
T 2

Z 1v (3.27)
????T ????Pd?Pv?????????????????Zd?Zv???????????
???????k1?k2?k3??????????????
????????????????????3.20????3.27?????????????3.28?
??????
Lz = 10
 6
Z
z
k1
R
md
dz + k02
Z
z

Pv
T

Zv 1dz + k3
Z
z

Pv
T 2

Zv 1dz

(3.28)
k20 

k2   k1mv
md

??????????????????md?mv??????????????????R??
???????????????????????????????????3.28????? 1?
28 ? 3? GPS????
????????????? 2??? 3???????????????????????Zenith
Hydrostatic Delay; ZHD????????????Zenith Wet Delay; ZWD???????
??3.28???????????????????????????????????????
??????????????GPS ???????????????????????????
???????????????????????????????????Mapping Function?
???????????????
??????????????????????????????????????????
??????????????????????? [50]?
????????????????3.29????????
m() =
1
sin  +
a
sin  +
b
sin  + c
(3.29)
???????????????? a?b?c???????????????????????
?????????????????????????????????
c4???Saastamoinen??? [51]????????????????????GMF?Global
Mapping Function?[52]?????????????????
???????
c4?????????????????????????????????????????
??????????????????????1??? 1????????????1????
????????Site Displacement???????????????????????????
??c4??????????????????????????? \??????"?Solide Earth
Tide?? \????"?Ocean Loading?????????????
?????????????????????????? 3.5???????????????
???????????????????????????????????????????
? 3.5: ??????????? ??? web????
?????????????????c4???IERS Convnetions (2003)??????????
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??????????????????????????????????????????
???????????????????????????????????????????
????????????????? [53]??????Onsala Space Observatory??????
? [54]??????????
???????
??????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????
??????IGS????????????????Satellite Body Fixed; SBF??????
????????????c4?????????????????????????SBF???
??????????????????????????????
Phase wind-up
GPS???????????????????????Right Circularly Polarized; RCP??
??????????????????????????????????????? 1???
????????????? phase wind-up[55]??????c4???? [56]????????
???
?????????????
?????mm???????????????????????????????????
????????????????????????????????????????? [57]?
??????????? IGS????????
?????????????????????????????L1?? L2????????
???????????????IGS????????????????
????????
???????????????????????????????????????2.8???
?? PPP??????3.4?????????????????????????
??????????3.6??????? i(t0)?k(t0)??????Nki ??????????
???????????????????????????????????????????
?????????????????????3.30?????????????????????
????????????????
klij = 
kl
ij   Iklij + T klij + Nklij + "klij (3.30)
????????????????????????????????????????????
?????????????????Nklij ?????????????? [58]????????
30 ? 3? GPS????
???????????????????????????????????????????
???
c4?????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????? 10 ps?100 ps??????????????????
???????????????????????????????????????????
100 ps?? 1 ns????????????????????? 1??????????????
??? 0 h GPST????????? \day boundary"????? [59]?
3.8 ???
GPS????????????????????????????????????????
?????????????????????GPS????????TAI??????????
??????
???????????????????????????????????? 2?????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
????
???????????????????????????????????? nuisance pa-
rameter????????????????????????????????????????
???????????????????????TAI??????????????????
???????????????????????????????????????????
?????????????????????
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?4? ????????
4.1 ????
?????????Software-Dened Radio; SDR????????????????????
?????????????????????????? [60]???????????? 4.1??
????????????????????????????????????????????
ADC
DAC
Baseband
Processing Information
Software
? 4.1: ????????????
??????ADC?Analog-to-Digital Convereter????DAC?Digital-to-Analog Convereter?
???????????????????????????????????????????
ADC/DAC??????????????????????????????????????
????1??????????????????????????????
?????4.2??GNSS???????????????????????????4.3??
???????????????SDR??????????????????????????
????????????????????????????????????? FPGA?DSP
?Digital Signal Processor????????????4.4????????? SDR???????
???????????????????FPGA?????????????????????
??????
4.2 GNSS??????SDR???
GNSS????? SDR???????? 1990???????????? [61]???????
???GNSS?????????????????????????????????????
??????????????????????????????
1. ?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????
32 ? 4? ????????
2. ?????????????????????????????????FPGA?????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????
3. ?????????????????????????????????????????
???????????????????????
4. ?????????????????????????????????????????
?????????????
5. ?????????????????????????????????????????
?????????????????????????????????????????
???????????????????
???????????????????????????????????????????
?????????????? SDR?????GNSS?????????????????
??????
???GPS???????????? 35?37 dBHz?????????????? 10 dB?
?????????????????? [62]????GPS ?????????????????
[63]????????? [64]??????????????????????????????
???????????????????????????????????????????
???????????????
?????
GPS????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????????? [65]?????????? LHCP??????????????? [66]?
????? [67]?????????????????
????????
??????????????GPS?????GLONASS???????????????
???????????????????????????????????????????
??????In-Orbit Validation Element????????????????????????
????????????????????? SNR????????????????????
???? [68]???????????????????????????????????SDR
???????????????
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4.3 ????????SDR???
???????? SDR????????NICT???????NICT???2005??? SDR
????????????????????? [69, 70]??????????????????
???????Dual Pseudo random Noise; DPN?????????????????????
[71]????????????DPN???????????????????????????
?GPS???????????????????????DPN??????????????
?????
??
???????????????GNSS????????????????????????
???????TWSTFT????TWSTFT?????????????GNSS??PRN??
???????????????????????????? TWSTFT?????? 5.3??
???????????????????????????????????????????
??????TWSTFT ????????????????????????????????
?????????????????????? TWSTFT????????????????
????????? PPP???GNSS????????????????
??????????????????????????????????????????
?????????? PRN??????????????????? PRN?????????
?????????????????? PRN??????????????????????
?? 4.2??
??? PRN?????????????????????? PRN????????????
????????????????????????4.1????????
  1
3Rc
p
T (C=N0)
(4.1)
????Rc?????????????????T ??????C=N0???????????
???????????? 2??PRN??????DPN??????????4.2?????
???
DPN 
1
4F
p
T (C=N0)
(4.2)
????F ??????????????DPN??????????????? PRN????
???????????????????????????
???TAI????????????TWSTFT???? 1 MHz?????????????
C=N0 55 dBHz?????? 0.6 ns???????????????? PRN????????
500 kHz??? 20 MHz?????????????????????? 15 ps?????? 40
????????????
DPN????
???? DPN??????????????Arbitrary Waveform Generator; AWG????
ADC?K5/VSSP32??????????????????????????????????
34 ? 4? ????????
Single PRN
Dual PRN
2 x F
Po
w
er
Ph
as
e
Po
w
er
f
f
f
? 4.2: ???????
?????????????AWG??????????? 204.6 MHz???????????
?? 8 bit????????????????????????? 512 KB? 2????????
???????????? 5 ms???????DPN?????????29 = 511 bit?M??
?????????????? 127.75 kHz????????? 4 ms????3.3 ???????
??????????? 9 bit M???? 48???????????????DPN?????
?????????????? 20 %???????????????????????? 10?
????????????????????
????????????????? 5.3?????GPS????????????????
????DPN?????????????????DPN??????????????????
???????PRN??????????????????????????????????
?????ADC??????????????????? PRN??????????????
???????? 2???????????????????????????????????
????????????????????????????????????????????
????????DPN?????????????????DPN????PRN???????
???????????????????????DPN????????????DPN???
?????? PRN????????????????????????????????ADC
???????????????DPN????????????????????K5/VSSP32
????????????? 64 MHz??????????????????????????
???????????DPN????????????? 30 MHz????????
DPN?????64 MHz???????????????????????????????
4.3. ???????? SDR??? 35
??? 200 kHz? 2 127:75 kHz?????????????????????FIR?????
???? 1=8?????????????????????????????????? 8 Msps
 2 ch???????
??????
???? DPN ???????? NICT ?????????Telecommunication Laboratory,
Taiwan; TL??????????????????? 2010? 3??? 2013? 3???????
??????????????? 2010? 4? 16??? 18 ??????????????
????????????DPN?????????TWSTFT???????????????
??????????? 1.8 m?????????????????????????????
????UTC(NICT)?UTC(TL)? 10 MHz? 1 PPS??????
? 4.3?DPN????? UTC(NICT)? UTC(TL)????????????? 4? 16??
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? 4.3: DPN?????UTC(NICT)?UTC(TL)????
? 18???? 3?????????????????????Modied Julian Date; MJD??
??????????UTC(NICT)?UTC(TL)???????? ns????????????
1???????????????????????????????????????????
??????????C=N0?NICT? 52 dBHz?TL? 49 dBHz???????4.2?????
????????????C=N0??NICT? 20.0 ps?TL? 28.2 ps????????????
???? 17.2 ps????? 4.3????????????? 1??????? 16.0 ps????
????????
????????
TWSTFT??????????????????????????????????????
???????????????? TWSTFT??????????????????????
????????????????????????????????????DPN?????
????????????????????????????????????????
36 ? 4? ????????
? B???????A????????4.3?????[72]?
ab(t) = !ua(t)  !ss(t)  !db(t)  !uas(t) + !dbs(t)
c
(4.3)
????!u?!d???????????????????????!s?????????????
a?b?s?????? A?? B??????????????as?bs????????? A?
?B??????c????????????B???A??????A???????B??
????????4.4????4.6?????
ba(t) = !ub(t)  !ss(t)  !da(t)  !ubs(t) + !das(t)
c
(4.4)
aa(t) = !ua(t)  !ss(t)  !da(t)  !uas(t) + !das(t)
c
(4.5)
bb(t) = !ub(t)  !ss(t)  !db(t)  !ubs(t) + !dbs(t)
c
(4.6)
??4.3????4.4??????????4.5????4.6??????????????????
????????????????????????????????????A??B ???
????4.7??????
a(t)  b(t) = !x(t)  !	y(t)
!2   !2	
(4.7)
x(t)  ab(t)  ba(t)
y(t)  aa(t)  bb(t)
!  !u + !d
!	  !u   !d
TWSTFT??????????????????????????????????Ku??10
GHz?12 GHz??????????? 50 ps??????????????????????
??? 10 ps?????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
????DPN???????????NICT???????????????????????
???????????DPN????????????????????????4.4?????
DPN?????????? 120???? 10 14?????????????????????
??????????????? 1:8 10 14???????????????????????
???????????1 000??????????????????????????????
??????????????????????????????DPN???????????
???????????????????????????????????????????
???????????????????????
DPN???? 30 000????????????????????????????????
????????DPN?????????????????????????????????
??????????
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? 4.4: DPN??????????
4.4 ?????????????
??????????????????????????????????????????
?????????????????????? FPGA? DSP??????????????
??????????????????FPGA??????????????????????
?????????????????????????
FPGA??????????????PC????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????? FPGA????????????????
?????????????????????????????????NMI???ADC??
?????????????????????????????????????????NICT
???????????? PC??????????NMI?????????????????
?????????????4.3??????????PRN????????????????
? GPS?????????????????????GPS????????????????
???????????TWSTFT?????????????????PC?????????
????????????????????????????????????NMI?????
???????????????????????DPN??????????????????
??? TL?????????????????????????? [73]?
??????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
38 ? 4? ????????
???????????????????????????????? ADC? PC?????
???????????????????????????????????PC???????
?????????????????????????????????
?????????????????????????FPGA???????? PC ????
??????????????????????????
4.5 ???
????????????? SDR????????????????????? SDR???
???????????????????????????????????????????
??????NICT????DPN????????????????????????????
?????????????????????? SDR???????????????????
???????????????????????????????
?????????? SDR???????NICT????????????????????
????????????????????? SDR??????????????SDR????
??????????????????????????????
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?5? ?????GPS??????
5.1 ????
? 2??? 3????GPS??????????????????????????????
4????????GPS??????????????? SDR???????????
?????????????????????????GPS??? [74, 75]????????
????5.2??????????????????????????5.3??????????
???????????????????????????????5.4???????????
???????????????????????????????????????????
????????????????????????????????5.5??????????
??????????????????????????
5.2 GPS??????
???????????????GPS?????????????????????? ADC
???????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????GPS?
???????????????????GPS??????????????????????
???
????
??????????????????????????????????????????
????????????? \????"?Signal Acquisition????????????? GPS
???????????????????????????????????????????
???????? 2???????????????????????????????????
???? 10 kHz????????????????????? \????"?Signal Tracking?
????????
??????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????????
40 ? 5? ?????GPS??????
????
??????????????????????????????????????????
????????????????????????????????????????????
????????? PRN???????????????IF???????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????? S/N?????????????????????????????
???????????????????????????????????????????
?? 30?????????????????????????????????
??????????
???????????????????????????? 20 ms?? 180????????
?????????? 1/0???????????????????????????????
???? 300 bit?6????????????????????? 8 bit???????????
????????????????????????????????????????Broadcast
Ephemeris????????????????????????????????????????
??????????????????????????Almanac????????????
???????????????????????????????????????
????
??? 4???????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
????
??????????????????????????????????????????
??????????????????????GPS Time?? 10 ms???????????
?????????????????? 10 ms????????????
????????? 3?????GPS Time??????????????????????
???GPS Time?????????????GPS Time????? 1 PPS? 10 MHz????
???????
??????????????????????????????????????????
???????????????????????????????????????????
??????????????????????GPS???????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
????????????????? \????"?????????????????????
???????????????????????????????????????????
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???????????????????????????????????????????
????????????? 10 us?3 km?????????? 10 Hz?2 m/s????????
????????????????????????????????
??????????????????????????? TAI?????????????
??????????????????????????????????? 1???????
??? 10 11?? 10 12?5??? 10 14?????????????????????????
???1?? 10 13?10 000?? 10 15?????TAI???????????????????
5??????????? Rapid UTC[76]????????????????????????
???????1?? 10 15??????????????????????
1???? 10 15 ??????????????????????????????????
?????????????????????????????????????P?????
????????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????????????????????????????????????
??????????????????????????
1. ???????????????
2. ??????????????????
3. ????????????????????????????
4. ?????????????????????????????????
5. ????????????????????????????????
????
5.3 ????
?? 5.2???????????????????????????????????????
???FPGA?????????????????????????????????????
????????????????????????? 5.2?????????????????
????????????????????????????????????
5.3.1 ?????????
??????????????????????????????????????????
????????????????????????????????????PRN?????
????????????????
42 ? 5? ?????GPS??????
??????????????cross-correlation function?????????????? x(t)?
y(t)??????? cxy()???5.1??????? [77]?
cxy() =
Z 1
 1
x(t)y(t  )dt (5.1)
??5.1???????????5.2?????
Cxy(f) =
Z 1
 1
cxy()e
 i2fd
=
Z 1
 1
Z 1
 1
x(t)y(t  )dt

e i2fd (5.2)
??5.2??????????????s = t   ???????????5.3?????
Cxy(f) =
Z 1
 1
x(t)

 
Z 1
 1
y(s)e i2f(t s)ds

dt
=
Z 1
 1
x(t)e i2ftdt
Z 1
 1
y(s)ei2fsds
= X(f)
Z 1
 1
y(s)ei2fsds (5.3)
y(s)??????????5.4????????f? f???????????5.5?????Y ( f)
? Y (f)????? Y ?(f)??????????
Y (f) =
Z 1
 1
y(s)e i2fsds
=
Z 1
 1
y(s) cos(2fs)ds  i
Z 1
 1
y(s) sin(2fs)ds (5.4)
Y ( f) =
Z 1
 1
y(s)ei2fsds
=
Z 1
 1
y(s) cos(2fs)ds+ i
Z 1
 1
y(s) sin(2fs)ds (5.5)
???????????????????????????????5.6?????
Cxy(f) = X(f)Y
?(f) (5.6)
?????GPS??????? PRN??????????????????????????
???????????? x(t)? y(t)?????????????????auto-correlation??
?????N bit? PRN??????????????????? 5.1???????????
????????????????????N????1 bit??????-1?????????
????????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????
??????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
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0.50.5
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? 5.1: Early-Late??????
?????????????????????????????????? Early/Late/Prompt
????????????? [78, 79]?????Prompt??????1/2??????Early??
? 1/2?????? Late????????????????????????????????
??????? 3??????????? 5.1??
??????????????????????????????????????????
?GPS????????????????????????????????????????
????????????? 1/2????? 3??????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????? [80]???????????????????????????????????
????????????????????????????????????????????
???????????????????????????????????????????
????????????
5.3.2 ????????
???????????????????????????????????????????
??????A/D??????????????????????????????????Low
Pass Filter; LPF????????????????????????????????????
?????????????????LPF????????????????????????
?FIR?Finite Impulse Response?????????????????????????????
????????????? 0??????????????????????????????
???????????????????????????????????????????
????????????????????????????????? FFT???????
44 ? 5? ?????GPS??????
?????????????N?FIR????????M????????????????
??L????????????????XF????????????FX??????? 5.1?
???????????????????????????????????????????
? 5.1: ????????
XF FX
FFT - N log N
Filter M  N N
Correlation L  N N
IFFT (FFT) L log L N log N
Sum. (M + L) N + L log L 2N + 2N log N
????????? FFT?????????????????????????? 2n????
?????????? FFT?????N logN ??????
???????????????????????????????????????????
? 5.1????????????????????????????????????????
5.2????XF?????????? FFT??????????????????? CPU?
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? 5.2: ?????????
Intel Core i7-950 3.06 GHz????? 4????????????????????????
??? OpenMP?????????????gcc? built-in function????? SSE4.2???
SIMD?????????FX??????? FFT ? FFTW 3.2.4? 4???????????
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??????????????? FFTW ?????????????????????????
?N logN ????????????????????????? 65 536???????????
????????????????? 1??????? 4?????????????????
??? 3???????????????????M + L? 2logN ????????????
?????????CPU?? 65 536?? FFT?2log(65536) = 32?? 16??? 80????XF
????????????????
FX??????????FFT??????????????????XF???????FIR
?????????????????????????????? Early/Late/Prompt????
???????? 3???? XF????????????????????????????
????????????????FIR ?????? LPF?????????????????
??????????A/D???????????????????????????????
???XF?????????? FIR??????????????????????????
?????????????????
2????????????????????? 5.2???????????????????
???????????????????????????????????????????
????????????????????????????????????????????
??????????????????????????????????
5.3.3 ?????????
?????????????????????????????????????????
?White Noise??????????????????????????? [81]????????
????????????A/D??????????????????
PRN?????????? Rc Hz????????? 2B Hz? B Hz?? B Hz?????
?????????????? fs Hz?fs=2  B?????? 5.3???????? fi Hz???
?????????X(fi)???????? Y (fi)?????????????Xn??????
??????X 0(fi)???????????X(fi)Y ?(fi)?XnY ?(fi)?X 0(fi)Y ?(fi)?????
5.4???????fi???? fs=2  fi  fs=2???i? 1??N????????????
????????????????
???X ??? Y ?????????? X?Y ?????jXjeiX?jY jeiY ????XY ?
???5.7?????
XY ? = jXjeiX jY je iY
= jXjjY jei(X Y ) (5.7)
?????XY ??????X?Y ?????????????X ???? Y ????????
???????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
Xn???????????????? "??X(fi)???????????? iX?????5.8?
??????
"  XniXjX(fi)j (5.8)
46 ? 5? ?????GPS??????
Noise
B R
C
f
s
f
-B 0
PRN
Power
? 5.3: ???????????
Image
Real
X(fi)
Y(fi)
Xn X’ (fi)
X(fi)Y*(fi) XnY*(fi)
X’ (fi)Y*(fi)
ε ε
φi
φi
? 5.4: ???????????
XniX ??Xn?X(fi)???????????Xn????????????????????
?????????????????????????????????? pn W/Hz?????
???? 1 ?????????f = fs=N?????? T s????????????? 1??
???????????? fsT=N ???????5.9????????pn? B  fi  B???
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??????????? 0????
(XniX)2 =
pnfN
2fsT
(5.9)
???jX(fi)j??fi??????????????? ps(fi) W/Hz?????5.10??????
?????? fi???????????????? i??????5.11???????????
jX(fi)j =
q
ps(fi)f (5.10)
2i = 
2
"
 (XniX)
2
jX(fi)j2
=
pnN
2fsTps(fi)
(5.11)
ps(f)?BPSK????? [Rc sin(f=Rc)=(f)]2????? [82]?????????????
??????????????????? Ps?????ps(fi)=pn???5.12?????
ps(fi)
pn
= Ps

Rc
fi
sin(
fi
Rc
)
2jfijB (5.12)
i ????????????  s???5.13?????????? 0 rad???5.14????
??? [83, 77]?
2 =
1
42
NX
i=1
1
2i 
NX
i=i
1
2i
! 
NX
i=1
f2i
2i
!
 
 
NX
i=1
fi
2i
!2 (5.13)
20 =
NX
i=1
f2i
2i 
NX
i=i
1
2i
! 
NX
i=1
f2i
2i
!
 
 
NX
i=1
fi
2i
!2 (5.14)
????2i ???????????????
PN
i=1 fi=
2
i
= 0?????????i = 1? 0 Hz
??i = NB ?B Hz???????????????????????????5.13????5.14?
???5.15????5.16????????
2 =
1
82
NBX
i=1
f2i
2i
(5.15)
20 =
1
2
NBX
i=i
1
2i
(5.16)
48 ? 5? ?????GPS??????
??????5.11?,??5.12??????????5.17?,??5.18???????
2 =
N
162fsTPs
NBX
i=1
f2i

Rc
fi
sin(
fi
Rc
)
2 (5.17)
20 =
N
4fsTPs
NBX
i=i

Rc
fi
sin(
fi
Rc
)
2 (5.18)
PRN????????? Rc ? 1 MHz?2MHz?????????????Carrier-to-Noise
power ratio; C/No?? 60 dBHz?Ps =  3 dB?????????????????? 5.5??
???????? 5.6????????? ????????????????????????
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? 5.5: ???????????
????????????????????????????????????B > 2Rc???
???????????????????????????????????????????
????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
??????????????????????Melbourne-Wubbena???????????
???????????????????????????????????????????
????????? day boundary????????????????????????????
??A/D????????????????????????????????????????
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? 5.6: ??????????
5.3.4 ??????
???????????????????????????????????????????
???? 5.2?????????? 1????????????? 1????????????
??????? 8 MHz?????????? 4??????????????????????
???????????????????????????????????????????
??????????????GPS???? 32?????????????????????
???? 12????????????????? 12???? 24 ??????????????
????????????????CPU??????????????????? 2?????
??????8 MHz???????8??????????????????????????
CPU?????????????????????????????????????????
?????????
???? 5.2???? FX??? FFT?????????????????? 5.2? 32 MHz
?????????? FX ?????? 3.7?????????? FFT????????? 0.9
???FFT????????? 80 %???????FFT?????????????????
??????????? 24??????????????????????????FFT???
??????GPU??????????????????????????????
?????????? GPU?????????????????????????? 3D?
????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
50 ? 5? ?????GPS??????
GPU?????????????????????? [84]?????GPGPU?General-Purpose
computing on Graphics Processing Units???????GPU???????????????
????????????????????
GPU??????????????????????????FFT??????CPU?GPU
??????????? FFT???????????????????? FFT???????
????? FFT???????????????????????64 MHz?????????
?? 10???????? 3????????????????????CPU??? FFT???
??? 5.3.2???????????????????CPU ? FFT?????????????
? 4???????????? 2???????????GPU?NVIDIA GeForce GTX 470?
CUDA?????????? 448?????FFT? CUDA Toolkit 4.2 CUFFT Library???
??????? 5.7????GPU????? FFT????????????????????
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GPU
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? 5.7: ??????? FFT?????
???????FFT??????????????? FFT?????????????????
?????????????GPU????????????????????????????
?????????????????????65 536?216???GPU?????????CPU
? 4???????? 9.2??????????????? 24?????????
5.3.2????? XF?FX??????GPU???????? 5.8????CUFFT????
?????? 5.2?????????????????????? FX?? 1?????????
?????????32 MHz??????????CPU?? 5.2?? 3.7???????GPU??
5.8?? 0.2?? 18.5????FFT?????? 9.2???????????CUFFT???FFT
??????????????????????4 ch  65 536?? FFT?? 1 ch??????
???? 2?????????? 5.8??????????????? FFT??????? 5.7
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? 5.8: GPU?????????????
???????????????????FFTW??????????????????? 1 ch
??? FFT????????????CPU??????????????????????
XF????? FX????????? 16??, 80????XF? 2.6???????????
???XF???????????????? Parallel Reduction??????????????
??????????????????????????????????????CUDA??
???????????????????????????????????????????
???????????????????GPU???????????????????? FX
????????????????
?????????????GPU?????????FFT???????????????
?????????????????????GPU? FX?????????? 24?????
?????????????????????????????????ADC????????
???????????????????????????????????????????
?????????????? 16 MHz????
GPU?????????????
GPU??????????????????????????????????????GPU
????????? 5.8?????????????????GPU?????NVIDIA GeForce
?????????????????GT 650m?CUDA??? 384????? 900 MHz???
????????????GTX 260?CUDA??? 192????? 1242 MHz????????
????GTX 470?CUDA??? 448????? 1215 MHz?? 3??????
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? 5.9: GPU?????????????
???? 5.9????????????? Fermi Architecture???????GTX 470???
????????????????????????????????????????GPU?
?????????????????????????????????Kepler Architecture?
????GPU??????????????????????????????
5.4 ??????
?????GPS????????????? 5.10????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????????
5.4.1 ?????????
?????????????????????????RF???A/D??????????
??????????????????
A/D???
?????????????????GPS???????????????????????
????????????????????????????????????????????
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GPS Antenna
Personal Computer
RF Front-End
RF signal IF signal
A
D
C
1/10 MHz
10 MHz
1 PPS
Digital Signal
USB 2.0
Software
Reciver
Pseudorange
Carrier Phase
Atomic Clock
Antenna Part Analog Part Digital Part
? 5.10: ?????GPS???????????
??? 2.2???????????????????????????????????????
??????????????????? 1 PPS?????????????????????
???????????????????????????????????????????
?? 10 MHz?????????? on/o?????????????????????????
???????????????????????? 10 MHz? 1 PPS??????VLBI?
????????????????A/D????K5/VSSP32?[85]??????K5/VSSP32?
???? 5.11?????? 5.2????????
? 5.2: K5/VSSP32???
????????? 40 KHz 64 MHz 11??
?????????? 1, 2, 4, 8 ???
???????? ?? 4?????
?????? 5/10 MHz, 1 PPS
??????? 256 Mbps
??????????? USB 2.0
RF???????
K5/VSSP32?????????? 300 MHz??????L?? GPS??? IF?????
???????????????????????????????????????????
???????????????????????????????????????? PLO
?Phased-Lock Oscillator????????????????
54 ? 5? ?????GPS??????
? 5.11: ??A/D????K5/VSSP32?
????RF??????????????? 5.12?????? 5.13???????????
???????????????Low Noise Amplier; LNA?????????L1??1575.42
MHz??L2??1227.6 MHz??????RF??????????????????? 10 MHz
?????PLO??? IF????????RF??????????????????????
?????????High-Pass Filter?HPF???????????????? IF?????L1
? 195.42 MHz?L2? 147.6 MHz?????????????? 16 MHz??????????
?????????? 8 MHz????????RF????????????????? 5.14?
????????????? 16 MHz??????IF??? 16 MHz?????????????
??????????????????????????????????????K5/VSSP32
???????????????????????????????????????????
???????? IF???????L1? 3.42 MHz?L2? 3.6 MHz????
5.4.2 ?????????
??????????????????????????????????????????
?????????????????????????IF?????????????????
????????????????????????????? 1/-1????????????
???????????????????????????????????????????
???????????????????????????????????????????
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LNA HPF
1500 MHz
Ref. 10 MHz
BPF
192~200 MHz
HPF
1200 MHz
Ref. 10 MHz
BPF
144~152 MHz
1380 MHz
1080 MHz
A
/D
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? 5.12: RF?????????????
? 5.13: ????RF???????
???????????????????????????????????????????
??????????????????????????? 5.15??????????????
???????NCO?Numerically Controlled Oscillator???? I?In-phase?/Q?Quadrature-
phase?????????? LPF?Low-Pass Filter????????????????????
?????????? A????????????????????????????????
56 ? 5? ?????GPS??????
8 MHz
? 5.14: RF??????? L1????????????
???????????????????????????????????????????
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???????????????????????????? 6.5??????????????
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UTC(NICT)
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???????????????????????????????????????????
???????????????????????????????????????????
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?????????? 5.3.3????????????????????5.17????????
???????5.18???????????????? C/No???????????????
??????????????????????????
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?????? L2C????????? PN31?????????????? C/A??????
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p
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??????????5.17??????????? 1.3 ns??????????
??????????????????????? 3????????????? 6.3????
??????????????????????????????????? 20???????
????????RMS????????? 4.9 ps????????????????? 0.7 ps?
?????5.18????????????? 0.7 ps ????
?????? L2C???????????L2C???????????? 6.4???????
????? 6.5???????????C/A?????? PN31??????????????
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6.4 ?????????????
????????????????? 6.3????????????????????????
???????????????????????????????????????????
???????????????????
??????????? Septentiro??? PolaRX3 TR??????PolaRX3?GLONASS
?Galileo???????????????? TR? 10 MHz? 1 PPS???????????
???????????? 2013? 4? 3?? 0 h UTC?24 h UTC ?? 1???????
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7.1 ????
? 6????????????????????????????????????????
???????????????????????????????????????????
????????????????
7.2??????????????????????? 4?????????????????
???????????????????????????????????????????
???????????????????????????7.3???????????????
???????????????????????7.4??????????????TWSTFT
?????????????
7.2 ????
??????????????????????????????????????????
?????????????????????????????????????GNSS???
??????????2013? 5? 22??? 30???? 9 ?????????????????
????????????????? 2?????????????????????????
???????????????????????????????????????????
?????????????????????????????????? TWSTFT????
???????????????????????????????TWSTFT????????
?????????????????????????????
?????????? NICT?????????????????????????????
??????????????? UTC(NICT)? 10 MHz? 1 PPS????????????
???????NICT??????????????????? VLBI???????????
JAVAD Legacy Lexon GGD???????????Lexon GGD??????? VLBI???
?????????????? 10 MHz?????????Lexon GGD??????????
1 PPS??????????????????????????????????????? 10
MHz?????????????????????????????????????????
???????????????????????????????? Septentrio PolaRX4 TR
???????????????????????????????????? 10 MHz? 1 PPS
??????????????? 3???????? 7.1????
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????????????????????L1???????????????????????
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????????????????????????????????????????120??
??????? L1? 3:8 10 13?L3? 3:1 10 13?????
7.4 ??????????
??????????????????????????????????????????
???????????????? TWSTFT????????????????? 7.4????
? 7.4?????GPS????????????????????TWSTFT????????
?????? 7.4???GPS?TWSTFT????????????? ns????TWSTFT?
????? 24?? 1?????GPS???? 1?????????????
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???? 1.7 ns?????
7.5 ??
??????????????TWSTFT???????????????????? L2C?
???????????????????????????TWSTFT???????????
??? 5? 25??MJD 56437??????????? 5? 30??MJD 56442??L3?????
7.5. ?? 77
 -6
 -4
 -2
  0
  2
  4
  6
 56434  56435  56436  56437  56438  56439  56440  56441  56442  56443
Tw
o
-
W
a
y 
-
 
SD
R
 
(ns
)
MJD
 -2
  0
  2
  4
  6
  8
 10
 12
 14
 16
 18
Ti
m
e
 
D
iff
e
re
n
ce
s 
(ns
)
SDR
TWO
? 7.4: ?????????????
????????????????????????? 7.5????? 7.5??? 5? 25???
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2. ?????????????????????????????????????????
??????????
? 2????????????????GPS???????????????????????
???????????????????GLONASS???????????????????
???????????????????????????????GLONASS????????
????FDMA???????????????????????????????GLONASS
???????????????????????????????? 7.4?????????
????????????MJD 56441 & 56442??TWSTFT?????????? 0.7 ns??
??????????????????????????? [87]?
 -6
 -4
 -2
  0
  2
  4
  6
 56434  56435  56436  56437  56438  56439  56440  56441  56442  56443
Tw
o
-
W
a
y 
-
 
SD
R
 
(ns
)
MJD
GMF
KARATS
? 7.6: ????????????????????????
7.6. ??? 79
7.6 ???
???????????????GPS?????????????????????????
???????????????????????????????????????????
???????????????????????????????????? 3  10 13 ??
??????????????????? PPP??????????????????????
???? L2C??????????????????????????????????1 ??
10 15?????????????????????????????????????????
???????????????????????????????????????????
???
TWSTFT?????????????????????????????????????
???????????????? 1ns?????????????????????????
??????????????????????
??????????????????????????????????????????
??????????????????GPS???????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
??????????????????????GNSS??????????????????
???GPS/Glonass??????????????????????????????????
???????????????????????
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8.1 ????
??????????????????????????????GPS??????????
??????????
???????????TAI?????????????????????????????
???GNSS???????????????????????????? PPP???????
????????????????????????????????????????????
???????????????????????????????????????????
?????????????????? PPP???????????????????????
??????????????????????GPS???????????
????????????
1. SDR???????????????????????????
2. GPU???????????????????????????
3. ??????????????????????????????????????????
????
??????????????????????????????????????????
?RF????????????????????????????????RF???????
?????????????????????????????????????????ADC
? 10 MHz? 1 PPS???????????????ADC?????????????SDR?
????????GNSS?????????????????????????????? L?
????????ADC?????????????????????????????????
???????????????????????RF??????????ADC??????
?????????????????
??????????????????????????????????????GPU??
???????????????????????????CPU?????????SIMD??
??????????????????? Early-Late???????????????????
?????????????????????????GPU????????????????
???????????????????????????????????????
?????GPU???????????????????????????????????
?????????????????? 2?????????GPU?????????????
???????????????????????????????????????????
????????????????????????????????????????????
?????????16 MHz??????? L1 C/A?L2CM???????? 14??????
?????????????
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1. ????????????
2. ??????, ??????????????????
3. ????????????????????????
4. ?????????? TWSTFT????
?????
???????????????????????????????????RF ??????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????L1? 40 ps???L2?? 80 ps????????????????????????
???????PLO??????????????????????????????????
??????????????????????
?????????????????? 100?? 3 10 13????????????????
???? L2C?????????????????????????????????????
???????1?? 10 15????????????GLONASS?????????????
????????????????????????????? 1= ?????????? 1?
? 10 15?????????????????
TWSTFT??????????????????? 1.7 ns???????????????
???????????????????????????????????????????
TWSTFT?? 1 ns??????????????????????????????????
????????????????
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??????????????????????????????????GPS ??????
?????????????????GPS????????????????????????
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????????????????????????????????????????????
??GNSS???GNSS?????????????????????????????????
??????????????????????????????????????????
????????????????????????????GPU ?????????????
????????????????????GPU?????????????????????
???????????????????????????????????????????
?????????????????GPS????????????????????????
?????????????????????????GNSS???????????????
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8.2 ??????
???????????????????????????????????????????
???????????????????????????????????????????
??SDR????????????????????ADC????????????????
???????????????????????????????????????????
???????????????????????
??????????????????????????????????????????
?????? PLO???????????????????????????????????
???? PLO?????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????
??????????????????????????????????????????
GPS?????????????????????????????????SDR??????
???????????????NICT?????????????????????????
????????????????????FPGA??????????GNSS???????
???????????????????????????????????????????
????????????????????????????? SDR????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????SDR??????????????
????????????
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? ?A GPS?????????
????????????????????????????????PRN????????
????????????PRN????????????????? [21]?
A.1 C/A???
C/A?????G1?G2????? 2?????????????????????????
?????????????????????A.1????A.2???????
G1 = x10 + x3 + 1 (A.1)
G2 = x10 + x9 + x8 + x6 + x3 + x2 + 1 (A.2)
G1?G2??????????? 1?????????????G2???????? 2?????
?????????????G1?????????????????????????????
?????A.1??G2?????????????????????????PRN??????
1 2 3 4 5 6 7 8 9 10
1 1 1 1 1 1 1 1 1 1
Stage
Initial Condition
1 2 3 4 5 6 7 8 9 10
1 1 1 1 1 1 1 1 1 1
Output
G1 Register
G2 Register
? A.1: C/A???????????
???????????????PRN?G2???????????????A.1????
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? A.1: ????? C/A??????????
PRN G2 Tap PRN G2 Tap PRN G2 Tap PRN G2 Tap
1 2  6 9 3  10 17 1  4 25 5  7
2 3  7 10 2  3 18 2  5 26 6  8
3 4  8 11 3  4 19 3  6 27 7  9
4 5  9 12 5  6 20 4  7 28 8  10
5 1  9 13 6  7 21 5  8 29 1  6
6 2  10 14 7  8 22 6  9 30 2  7
7 1  8 15 8  9 23 1  3 31 3  8
8 2  9 16 9  10 24 4  6 32 4  9
A.2 L2C???
L2C??????A.3???????27?????????????M???Maximum-length
Sequence????????A.2??
S2 = 1 + x3 + x4 + x5 + x6 + x9 + x11
+ x13 + x16 + x19 + x21 + x24 + x27 (A.3)
L2 CM?????????? 10 230??????? 20 ms??L2 CL???? 767 250??1.5
Delay
3 3 2 3 3 2 2 3 1 1 1 3
Output
? A.2: L2C???????????
??????????????????????????????L2C???????????
?????????????????????????????? L2C?????????A.2
????
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? A.2: ????? L2C???????????
Initial State Initial State
PRN L2 CM L2 CL PRN L2 CM L2 CL
1 742417664 624145772 17 540264026 605402220
2 756014035 506610362 18 205521705 002576207
3 002747144 220360016 19 064022144 525163451
4 066265724 710406104 20 120161274 266527765
5 601403471 001143345 21 044023533 006760703
6 703232733 053023326 22 724744327 501474556
7 124510070 652521276 23 045743577 743747443
8 617316361 206124777 24 741201660 615534726
9 047541621 015563374 25 700274134 763621420
10 733031046 561522076 26 010247261 720727474
11 713512145 023163525 27 713433445 700521043
12 024437606 117776450 28 737324162 222567263
13 021264003 606516355 29 311627434 132765304
14 230655351 003037343 30 710452007 746332245
15 001314400 046515565 31 722462133 102300466
16 222021506 671511621 32 050172213 255231716

89
? ?B ??????????????
???????????????????? IGS?????????????????Vertical
Total Electron Content; VTEC?? 3.7 ???????3.24????3.25??????????
????????????????IGS?????????????????Global Ionosphere
Map; GIM????????Single Layer Model; SLM???????????????????
????? 450 km???????????? 2??????????????????????
???? 2.5??????? 5.0????????? 2???????
????????????????????????? 450 km??????????????
'??? ?????? B.1??GIM????? '?????? 4?? VTEC???????
Receiver
Ionospheric pierce point
Sub-ionospheric point
Single layer
? B.1: ????????
B.2????????????????? p?q?????????VTEC??????????
??????????? 2????????????????????????VTEC??? 2
??????????????
IGS???????GIM????????? 24???????????????1 ????
90 ? ? B ??????????????
(λ,ϕ)
p
q
(λ0,ϕ0) (λ1,ϕ0)
(λ1,ϕ1)(λ0,ϕ1)
? B.2: ???????????
? 11???????????????? 2????????????????????????
?????????? 2 { 9 TECU????? 2 { 8 TECU????????????????
??????????????????????
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